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Abstract: We derive a nonlinear model of the steam cycle of a solar power plant, estimate its
unknown parameters with measured data, and design a linear model predictive controller based
on the resulting model. Simulations show that the linear model predictive controller is able to
regulate the electrical power of the nonlinear steam process of the plant to a given reference
trajectory very well. Moreover, it results in very good disturbance rejection.
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1. INTRODUCTION

Various types of solar power plants are established (see
Camacho et al. (2010) for a summary). We consider a
parabolic trough solar power plant. Plants of this type
are based on concentrating the solar irradiation onto an
absorber pipe positioned in the focal line of a parabolic
mirror. A heat transfer fluid (HTF) circulating inside the
absorber pipe supplies energy to a heat exchanger, where
it is used to generate steam. The steam is passed into
a multi-group steam turbine, which drives a synchronous
generator. Systems of this type are known to pose complex
control problems. Many researchers have considered the
oil circuit in detail, see the survey articles Camacho et al.
(2007a,b) and references therein for an overview. We here
focus on the steam part of the plant, which consists of
a steam turbine, a generator and a condenser. These
subsystems show fast dynamical and nonlinear behavior
and are sensitive to disturbances, which therefore must be
accounted for in the modeling and in the control concept.

We use nonlinear models based on those given in Jost
et al. (2014), but include more details in the models
presented here. Transient data recorded in a real solar
power plant were used to adjust the unknown parameters.
The resulting models have been verified with independent
recorded data. In contrast to those given in Jost et al.
(2014) the models that result here are shown to be accurate
even for transient operations.

We present a model of the plant in Sect. 2. We then use
logged measurement data to estimate unknown parameters
such as efficiency factors and heat transfer coefficients
(Sect. 3). The resulting model is used to set up a model
predictive controller for the steam cycle of the plant in
Sect. 4. Simulation results for the controlled nonlinear
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system are presented in Sect. 5. Conclusions and an
outlook are stated in Sect. 6.

2. PHYSICAL MODEL

A sketch of the steam cycle of the solar power plant is
shown in Fig. 1. We present detailed models of the steam
turbine and the condenser in Sections 2.1 and 2.2, respec-
tively. Models of the remaining subsystems, specifically the
generator, feedwater pump and the steam generator, are
summarized in Sect. 2.3.

2.1 Turbine

A schematic representation of the turbine is given in Fig. 2.
The steam turbine is modeled as a two group extraction
turbine with pre- and reheater.

Goil, Toil

Fig. 1. Sketch of the steam cycle: Feed water is evaporated
and superheated in a steam generator (1) and passed
into the turbine (2). Several bleeds (steam extractions
from the turbine) are summarized in the mass flow
mpy and used to preheat (5) the feedwater. The
remaining steam expands in the low pressure turbine
and is condensed by a water condenser (4). Via the
feed pump (6), the condensate is supplied to the boiler
again. A generator (3) is coupled to the turbine to
convert the mechanical power into electric power.
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The inlet mass flow rate m; through the nozzle groups of
the turbine can be controlled by the control valve position
uy . The characteristics of this valve can be described by

) . [poToo,., o 3
1 = moy | =—— (3uy — 2uy), 1
VP sy - 2 o

where Tpo and poo denote the design point of live
steam temperature and pressure, respectively (Grote,
2009, p. 78).

The mass flow rate through a turbine group is a function
of the inlet pressure, outlet pressure and the temperature
T; of the inlet steam. For the high-pressure (HP) group of
the turbine the flow rate can be described by
2,2
o = Ksr I%. 2)
1

This relation, which is known as Stodola’s law of the
ellipse, permits calculating power and steam flow rates
for off-design operation points (for example, for part load
conditions of turbine sections). The constant Kgr can be
determined from the nominal design parameters. For the
HP turbine this yields

T
S (3)
P10~ P20
Equations (2) and (3) also apply to the low pressure
group of the turbine with the respective pressures and
specific volumes. To the knowledge of the authors no
suitable model for the leakage mass flow rate through the
labyrinth seals of the turbine iy p exists. We therefore
use design data obtained from the turbine manufacturer
to approximate My as a function of the inlet pressure of
the HP group. The empirical relation

Kst =g

mrr = 0.0042p; 0326 (4)
results from this approach.

Applying the conservation-of-mass-principle to a steam
chamber leads to an ordinary differential equation for the
chamber pressure. The resulting equation for the outlet
pressure of the HP turbine, for example, reads
2
D2 = c. (rha1 — e — mM3), (5)
Va
where o 1 = 1y — 1 p, and where c is the instantaneous
sonic speed of the steam inside the volume V5. The pres-

*mo
wy 1Y *ml

Fig. 2. Schematic representation of the turbine
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Fig. 3. Polytropic expansion (Grote, 2009, p. 52)

sure dynamics after the low pressure group are included
in the condenser model. The dynamics of the pipe flows
are neglected for simplicity. The bleed mass flow in the
low pressure group s r and the mass flow rate g2 (see
Fig. 2) are also approximated by empirical relations that
are derived from manufacturer design data. The resulting
expressions read

msr = 0.0065p§ + 0.04351ps — 0.5393 (6)
and
Ma.o = 0.0021p] 3812 (7)
respectively.

The total mass flow rmpy consumed by the pre-heaters is

mpg = Moo + M3 1. (8)
Thermodynamic steam properties are calculated with the
IAPWS-IF97 formulas (Wagner and Kretzschmar, 1997).
The algorithm used to calculate the polytropic expansion
in steam turbines is shown in Fig. 3. The calculation must
be performed for all turbine stages. Specifically, it must be
carried out for both the HP and LP section.

The thermal power is obtained from
P=Pyp+ Prp (9)

with

Pgp = (g —mrr) (nAhmp),

Prp = (3 — 31 - w) (nAhrp),
where w is the fraction of extracted steam, Ahgyp and
Ahpp are the enthalpy difference for the high pressure
and low pressure stage, respectively, and 7 is the isentropic
efficiency.

2.2 Condenser

The steam enters a condenser after passing the LP turbine.
The exhaust steam pressure dynamics can also be modeled
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with a single lumped, ideally mixed volume. This yields

02

P = V_c(m3 — Mg — Mha),
where V¢ is the sum of the steam volumes in the condenser
and the exhaust pipe of the turbine. The mass flow of the
condensing steam 7114 can be calculated from the latent

heat of vaporization h, and the heat flow ) according to

(10)

My = %, (11)
where h, is given by
hr=a1+as-Inps+as- (lnp4)2 , P4 € [001, 1]
The heat flow ) reads
T w,out T w,in
Q = kA —Sp (12)
S Y

where Tey out and Ty in are the cooling water temperature
at the outlet and inlet, respectively. The heat transfer
coefficient kA depends on the mass flow of exhaust steam,
since the heat transfer of film condensing improves as
the mass flow of the condensate increases. However, a
saturation effect must be considered. Assuming that the
heat transfer from the steam to the cooling water is
dominated by film condensation on the surfaces of the
condenser pipes the relation Nu =1 - Re™ - Pr™ holds for
the Nusselt number, where Re is the Reynolds number,
Pr is the Prandtl number and I, n and m are problem-
specific constants (Incropera et al., 2007). With Nu « kA,
Re « iy and Pr = const., it is reasonable to describe the
heat transfer coefficient by

kA = by, (13)
where by and b; ~ 0.38 for film condensation are deter-

mined from measured data. The exhaust steam tempera-
ture can be calculated with Magnus’s formula

co1ln (f—é)
Ty = + 273.15,

C1 — In (i—é)

where c¢g, ¢; and cg are specific constants (Alduchov and
Eskridge, 1996). The dynamics of the effluent cooling
water follow from the first law of thermodynamics and
read

(14)

. 21y 2
Tcw,out = —(Tcw,in - Tcw,out) +
Maw MwCp

Q, (15)

where 1, is the mass flow and m, is the mass of the
cooling water and ¢, is the specific heat capacity.

2.3 Equations of the auziliary subsystems

We briefly summarize the equations for the remaining
components. For more details we refer to Jost et al. (2014)
and the references therein. Indices “in” and “out” are
used to refer to the input state and the output state,
respectively.

Feedwater pump: The pressure difference between the inlet
and outlet is given by

2
Ap = (ﬁ) do + (ﬁ) dig + do?,
no no

where dy, d; and dsy are constants, ng denotes the nominal
rotational speed, n is the instantaneous rotary speed of the
pump and ¢ is the volume flow rate (Gdilich, 2010; Leonow
and Ménnigmann, 2013).

(16)
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Generator: The equations for the rotor dynamics and the
power output read

.1 . .
¢ = E(MI — Mrsin(p) — dep),

Py = My sin(p)27 fo,

respectively, where ¢ is the rotor angle, d. is a damping
constant, My is the tilting torque of the machine, 6 is the
inertia torque and fy is the nominal grid frequency (Chap-
man, 2012).

(17)

Preheater/Superheater: The differential equations for the
output temperatures read

- mP,out
TP,out = m—(TP,in - TP,out)
P,out
LA (18)
- A'l9log(,rl:',out - Tw,itn TP,in - Tw,out)
mp outC

where Tp in, Tp,out denote the steam inlet and outlet tem-
peratures and Ty in, Twouts refer to the feedwater inlet

and outlet temperatures; and Aﬂ]og(Tpput — Tw.ins ITP,in —
Twout) is the logarithmic temperature difference (Incr-
opera et al., 2007, p. 670) which is defined by

ATy — ATg
Ao (AT, ATR) = { In(ATx) — In(ATg)’

ATAATE > 0,
0, otherwise.
(19)
The pressures in the heaters can be described by

02

pp = VP(mPH — Mp,out),

where c is the sonic speed, Vp is the volume and mp oy iS

given by
4
i _ (P —pp v
P,out R )

see Jost et al. (2014) for more details.

(20)

(21)

Evaporator: The differential equation for the output tem-
perature reads

. 2ME out
TE,out = m—pu(TE,in - TE,out)
E,out
2kA (22)
- 7A7910g (TE,out - Tw,itn TE,in - Tw,out)y
ME, outCp

where the temperatures and the logarithmic temperature
difference are defined as before. The mass flow is given by

kA

mE,in = h_Aqglog(TE,out - Tw,in; TE,in - Tw,in) (23)
E

where hg, is the enthalpy of the vaporized water (Sonntag
and Van Wylen, 1971, p. 140). The pressure and the mass
flow in the evaporator can be described by (20) and (21).

Combining (1)—(23) results in a nonlinear state space
model of the steam cycle sketched in Fig. 1, which has
the form

i: = f(z’u7ﬂ’z>’
y = h(z,Q),

with state vector is z = (p25p4a 2 Qba TCW,outaTP,outapP,ina

(24)

TE,Out,pE,in)/, input vector u = (uv,n)/, output y = Py,
and disturbance z = Tiw,in. 2 denotes the parameter
vector which includes all parameters of the steam part.
We state (24) in Appendix A.
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Fig. 4. Comparison of the measured temperature values
T and the corresponding simulation results: (a) blue
curve shows simulation results, green curve shows
measured values. (b) percentage relative difference
between measured and simulated data.

3. PARAMETER ESTIMATION AND MODEL
VERIFICATION

We use data measured in an industrial solar power plant to
adjust unknown model parameters in a submodel of (24),
specifically, in the models of the turbine, condenser and
the generator. This submodel is shown in Fig. 2, where
the measured physical quantities are highlighted with gray
boxes. Data have been logged with a sampling time of 20
milliseconds with data acquisition software we developed
for communication with the plant controller.

The subsystems turbine, condenser and generator are
described by (5) and Fig. 3, Egs. (10) and (15) and (9),
respectively. Together these equations define the nonlinear
state space model

(25)

with state vector T = (pa2, pa, @, @, Tcwput)', measured sig-
nals @ = (p1,Th, T3)', system output 7 = (p2, pa, T, T4, Par,
Tew,out) , measured disturbance z = Ty in and parameter
vector Q = (1, by, ba, My, 114, w)'. Note that the measured
signals @ are not the inputs of the full model (24), but
merely the signals that are available for the parameter
estimation. All parameters not mentioned here are chosen
as in Jost et al. (2014).

We describe the parameter estimation in Sect. 3.1 and
verify the models with independent data in Sect. 3.2.

3.1 Parameter Estimation

We estimate the isentropic efficiency n (cf. (9)), the coef-
ficients by and bs of the heat transfer equation (cf. (13)),
the mass m,, and the mass flow 1, of the cooling water
(cf. (15)) and the factor w (cf. (9)) that describe the
influence of the bleeds on the thermal power.

Parameters are estimated by solving the nonlinear least
squares problem

N
min Y~ (5(k) ~ y(k, )’
k=1
st &= f(zuk),Q, z(k)), (26)
y= B('i" Q),
Q- <O<Or,

where the output §(k), the signals @(k) and disturbance
z(k) are available from measurements at times t;, k =

Copyright © 2015 IFAC

7500

ot

3
7300 1
N o
S =
7100 i
-3
6900 e 3 B i3 3
Time [s %103 Time ] %103
(a) (b)

Fig. 5. Comparison of the measured pressure values py
and the corresponding simulation results: (a) blue
curve shows simulation results, green curve shows
measured values. (b) percentage relative difference
between measured and simulated data.

1,...,N. The number of sample points is N = 106,
which corresponds to a time span of approximately half an
hour. The prediction-error minimization algorithm (pem)
provided by the Matlab System Identification Toolbox was
used to obtain the optimal solution Q* of (26).

3.2 Model verification

We verify the resulting nonlinear state space model (25) by
comparing the system outputs g(k, *) to data measured
independently of the time series used to determine the
optimal parameters *. We show the results for the outlet
pressure py of the LP-Stage (cf. (10)) and the outlet
temperature of the HP-Stage T (cf. Alg. 3) in Figs. 5
and 4, respectively. We select these quantities, because the
smallest (T3) and the largest (p4) percentage root mean
square error &,m,s result for them, where x5 is defined by

_ L (5 (k) —yh 0 i
Trms = N(Z( 0 100%) ) (27)

k=1

Root mean square errors for the remaining outputs of the
subsystems, specifically Fei, T4, p2, Tew,out, are listed in
Tab. 1. The largest error amounts to 1.4079%. It occurs
for the outlet pressure py of the LP-Stage. We infer the
models presented in Sect. 2 with the parameters estimated
in Sect. 3.1 are accurate enough for controller design and
tuning.

4. MODEL PREDICTIVE CONTROL

We give a brief introduction to MPC in Sect. 4.1 and
present details on the specific controller used here in
Sect. 4.2.

Component || Output y; | Trms,i in %

HP-Stage p2 0.1211
Ts 0.0346

LP-Stage Ty 0.1753
Generator P, 0.7736
Condenser jon 1.4079
Tcw,out 0.1231

Table 1. Root mean squared error s for all

outputs. Note that the largest value is only

Zyms = 1.4079% (for p4); and four out of six
figures are smaller than 0.18%
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4.1 Brief introduction to model predictive control
We assume the nonlinear state space model (24) derived in
Sect. 2 has been linearized at a point of operation (g, ug)
and discretized. This yields a linear discrete-time state
space system of the form

#(k+1) = Az (k) + Ba(k), £(0)

g(k) = Ci(k) + Da(k)

with states x € R", inputs v € R™, outputs y € RP and
constraints

=T (o)

amin S ﬂ(l{?) S ’&maxa

gmin S ?Q(k) S gmaxa
for all £ > 0, where Umin, Umax, Ymin and Ymax are of
appropriate dimensions and tmin < 0 < Umax, Ymin < 0 <
Umax- Symbols with a hat refer to differences w.r.t. the
point of linearization, for example, Z(t) = x(t) — zo.

(29)

MPC seeks an input sequence that essentially minimizes
the deviation between the system output ¢(k) and a
reference trajectory w(k) by solving the optimal control
problem

Hy H,—1
. ~ . ~ 12 ~ (12
mip D9k +) =i+ Dy, + X 1+ Dl
Jj= Jj=

s.t. &(k+1) = Az(k) + Bu(k),
§(k) = Ci(k) + Da(k),
ﬁmin S ﬁ(k) S ’amax;
ﬁmin S ﬁ(k) S gmaxv

(30)

where U’ = [a(k),...,a(k+ Hp)'], Y = [gk),...,
9(k+ Hp)'); and where ||v]|3, is short for v/ Mwv. In (30),
R; and Q4 denote the weighting matrices on the inputs
and the output error, respectively, and H, denotes the
horizon.

We use several extensions to the basic model predictive
control formulation (30), which can be summarized as
follows. Weightings on the rate of change of the input
Raq and rate constraints can be considered in (30) by
augmenting the state with the input of the current time
step and introducing the difference Aa = (k) — a(k — 1)
as an artificial system input (see e.g. Maciejowski (2002,
Chpt. 2.2, p. 41)). If the system is subject to state and
output disturbances an observer has to be included in
the problem formulation (30) to regulate the output error
§(k) —w(k) to zero. We choose the observer gain matrices
for the states and disturbances as zero and unitiy matrix,
respectively, see e.g. Maciejowski (2002, Chpt. 2.6.3, p. 57),
see also Grote (2009, Chpt. 4.2.2, p. 131). For the con-
sidered stable plant, stability of the closed loop can be
obtained with an appropriate choice of @, and R, (see
e.g. Maciejowski (2002, Chpt. 6, p. 167)).

4.2 Controller design

Linearization of the model described in Sect. 2 results in a
stable discrete-time model of the form (28) with 10 states,
2 inputs (control valve 4y = uy — uy, cf. (1); speed of
feedwater pump 7 = n — ng, cf. (16)) and one output
(generated power ]561 = Po) — Per, cf. (17)). The sample
time was set to Ty = 0.1s. We removed 4 uncontrollable
states to obtain a suitable model for controller design,

Copyright © 2015 IFAC

280 0.12
1.2 F 0.08
EOAG 2180
2 0 - £ £
30 o — 0
230.6 = 80
12 0.04
0 50 100 150 200 2350 100 150 2008
Time [s] Time [s]
(a) (b)

Fig. 6. Results for the set point change: (a) blue curve
shows the simulated electric power, green curve shows
the set point. (b) inputs of the system; blue curve
corresponds to the speed of the feedwater pump, green
curve corresponds to the valve position.

which results in a discrete-time state space model of

form (28) with 6 states.

The following output, input and rate constraints were

applied
~10-10° < §(t) < 10-105,
—0.9 X 0.1
(1000 s al) < 1000)’
<9.{)1 < Ad(t) < 0.{)1).

The weighting matrices are chosen to be @, =

1074,

R, = 0, Ra, = 10* - I?*2 and the prediction horizon
is set to H,, = 50. The resulting quadratic program has
500 constraints and 100 decision variables.

5. SIMULATION AND RESULTS

We simulate the steam part of the power plant for several
operation conditions to assess the performance of the pro-
posed controller. We stress that all simulations are carried
out with the nonlinear models described in Sect. 2. For
simplicity we made the following assumptions throughout
the simulations: (a) piping dynamics are neglected, (b) oil
temperature and flow rate at the steam generator inlet are
constant, i.e. the oil part of the plant is in steady state,
(c) the mass flow rmpy is not controlled and depends on
the pressures ps and ps only, and (d) the reheater is not
controlled.

We assess the controller performance with the following
two scenarios.

Set point change: We apply the following reference tra-
jectory to the output § = P in (30).

A0 MW — —A1 MW at time ¢; = 17.5s,
—A1 MW — Al MW at time t, = 60s,

Al MW — Al1.5 MW at time t3 = 102s,
A1.5 MW — A0 MW at time ¢4 = 140s.

Disturbance Rejection: We simulate the response to a
change of the cooling water temperature, where the tem-
perature change is modeled as the step response of a first
order lag element with time constant 7' = 50s and gain
K=-2.

The simulation for the set point change and the distur-
bance rejection are shown in Fig. 6 and Fig. 7, respectively.
Consider the results of the set point change first (Fig. 6a).
It is evident that set point changes around the operation
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Fig. 7. Results for the disturbance rejection: (a) blue curve
shows the simulated electric power, green curve shows
the disturbance signal (b) inputs of the system; blue
curve corresponds to the speed of the feedwater pump,
green curve corresponds to the valve position.

point (A1 MW) can be achieved by the proposed con-
troller. If the set point changes from A1 MW — Al1.5 MW
the trajectory tracking is less accurate. An explanation for
this can be found in Fig. 6b, which shows the inputs of
the system. The first two set point changes require only
small variations of both inputs. However, if the set point
changes from A1 MW to A1.5 MW, the valve fully opens
and runs into saturation at the upper limit. To further
increase the generated power, the controller drastically
increases the speed of the feed water pump. Note that the
rate constraints limit the changes in the speed of the feed
water pump.

Results for the disturbance rejection are shown in Fig. 7.
The cooling water temperature decreases aperiodically, cf.
green curve in Fig. 7a. The controller rejects the distur-
bance and the electrical output remains approximately
constant. The resulting inputs are shown in Fig. 7b.

In both Fig. 6a and Fig. 7a small oscillations of the gener-
ated power P, can be observed. These oscillations result,
since a simple generator model with damping constant
de. = 0.3 is used here. The oscillations are very small
compared to the nominal generator output. The amplitude
of the oscillations stays well below 1% of the nominal
power in all simulations. As a result the control inputs
uy and n also show small oscillations to compensate the
oscillations of the generated power P.

6. SUMMARY AND OUTLOOK

We derived a nonlinear model for the steam cycle of a solar
power plant, estimated unknown model parameters by
applying nonlinear least squares estimation to measured
data, verified the resulting model with independent data,
and proposed and successfully tested a linear MPC con-
troller for this system in simulations. The model represents
the behavior of the real-world system very accurately over
a wide range of operation. Specifically, the largest root
mean squared error was observed for the outlet pressure py
and was lower than 1.5%. The proposed model predictive
controller, despite being linear, is able to regulate the
nonlinear system to a given output trajectory and provided
good disturbance rejection.

Future work will address the implementation of the MPC
controller for the control of a solar power plant or parts
thereof. In addition, the nonlinear model will be used for
the optimal control of start-up and shut-down procedures.

Copyright © 2015 IFAC
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Appendix A. NONLINEAR ODE

The model summarized in (24) reads

2
C . . . .
— - (tha —1hpF — 2.2 — ™m3)

£ (ths — tha.r — 1ha)
Vo s 3,T "
z4
1 .
E(MI — Mrsin(z3) — dexa)
2m
. = (z —ws) + Q
i = ] My My cp ,
mp,
—2(Tp,; — x6) — AV1og (26 — Tw,i, Tpi — Tw,o)
mPp,o mp,oC
C2 . .
— (mpH — 1hpo)
i
2mg 2kA
——2(Tw,; — xs) — AViog (28 — Tw,i, Tei — Tw,o)
ME,o TE,OCD

V—E(mE,i — mEg,o)

y = M sin(z3)27 fo,
where the mass flows 1o, ", ha.2, ma, ma. 7, 4, MmpH, Mpo, ME,o
are calculated with (2), (4), (7), (2), (6), (11), (8), (21), (21) respectively.

@

We use indices “i” and “o0” for inlet and outlet, respectively. Note that
both 7g,, and mp,, are calculated with the same equation but different
parameters. Moreover, Q and kA are calculated with (12) and (13),
respectively. Finally, M1 = P/2nf,, where the thermal power P follows

from (9). Both Ahgp and Ahnyp in (9) can be calculated with Alg. 3.
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